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Heterogeneity of the Mesencephalic Locomotor Region
It has been 50 years since Orlovsky and colleagues [4, 5] first identified an area within the brain, which, upon electrical stimulation, was able to initiate locomotion and modulate its speed. This midbrain area, which encompasses the pedunculopontine nucleus and cuneiform nucleus, was denoted the mesencephalic locomotor region. Subsequent studies in other vertebrates [6, 7] have shown that the mesencephalic locomotor region is a highly conserved structure that plays a prominent role in modulating the speed of locomotor movements across many species from lamprey to primates. While early stimulation experiments identified the gross anatomical location of this key locomotor center, until recently the cellular nature of mesencephalic locomotor region and its downstream targets have remained terra incognita. This is now changing with the advent of new experimental approaches that make it possible to define the contributions of genetically defined neuronal populations to this motor control pathway. The mesencephalic locomotor region comprises at least three neurochemically distinct cell types: excitatory glutamatergic neurons that are intermingled with inhibitory GABAergic interneurons, and cholinergic neurons that are restricted to the pedunculopontine nucleus [7, 8] .
Roseberry et al. [9] pioneered the dissection of mesencephalic locomotor region heterogeneity, by showing that optogenetic activation of glutamatergic neurons was sufficient to transition the mouse from a stationary state to walking, whereas stimulating glutamatergic and cholinergic mesencephalic locomotor region neurons triggered a transition from walking to running; conversely, the inhibition of glutamatergic neuron activation halted or decelerated locomotion.
In their recent work, Caggiano et al. [2] and Josset et al. [3] further explored the anatomical and molecular heterogeneity of the mesencephalic locomotor region, highlighting the differential role of glutamatergic and cholinergic neurons within the cuneiform and pedunculopontine nuclei. They found that glutamatergic cuneiform nucleus neurons were able to drive the full range of locomotor gaits -walk, trot, bound and gallop -and speed. Glutamatergic pedunculopontine nucleus neurons could only trigger low speed locomotion when stimulated at high intensity, whereas stimulation of cholinergic pedunculopontine nucleus neurons was insufficient to initiate locomotion, as shown by Roseberry et al. [9] .
Caggiano et al. [2] went on to characterize the firing properties of glutamatergic neurons during locomotion at different speeds using extracellular recordings, showing that pedunculopontine nucleus neurons are more active at lower speeds, whereas cuneiform nucleus neurons are strongly recruited during fast locomotion. Further behavioral analyses have led the authors to propose a model in which the glutamatergic neurons of the cuneiform nucleus elicit fast locomotion to enable an escape response, whereas glutamatergic neurons of the pedunculopontine nucleus facilitate slow locomotor movements to favor an explorative behavior.
Inputs to the Mesencephalic Locomotor Region
A key step toward understanding how the mesencephalic locomotor region is recruited during behavior has been the identification of presynaptic inputs to excitatory and inhibitory neurons of the region with monosynaptic rabies viral tracings [9] . In the mesencephalic locomotor region, glutamatergic neurons receive strong presynaptic inputs from basal ganglia structures, whereas inhibitory neurons are mainly targeted by the central amygdala, superior colliculus and dorsal raphe [9] , a pathway that might be recruited to halt locomotion as part of a fear-freezing response. The basal ganglia-mesencephalic locomotor region connectivity was further explored using optogenetics manipulations to show that mesencephalic locomotor region neurons change their firing pattern in response to direct or indirect striatal pathway activation, and their inhibition is sufficient to reverse striatal-induced initiation or termination of locomotion [9] .
Caggiano et al. [2] further examined the connectivity of excitatory neurons within the mesencephalic locomotor region, dissecting the presynaptic input to the anatomically distinct glutamatergic cuneiform nucleus and pedunculopontine nucleus populations. They found that the main inputs to glutamatergic neurons in the pedunculopontine nucleus originate from other midbrain structures, the basal ganglia, and several nuclei in the medulla. By contrast, glutamatergic neurons of the cuneiform nucleus receive little input from basal ganglia structures, but are strongly innervated by midbrain structures such as the periaqueductal grey and inferior colliculus.
Taken together these data reinforce the idea that glutamatergic cuneiform nucleus neurons orchestrate escape responses, whereas the pedunculopontine nucleus pathways favor slow exploratory behaviors and are the primary downstream mediators of basal ganglia-initiated locomotion.
Mesencephalic Locomotor Region
The elicited muscle activity patterns were strongly dependent on whether the mouse was resting or walking (statedependent), the step cycle phase (spinal gating of descending input) and the duration of photostimulation (temporal dynamics of neuronal recruitment). Stimulating glutamatergic cuneiform and pedunculopontine neurons at rest strongly activated flexor muscles and extensors less so, whereas cholinergic pedunculopontine nucleus neurons preferentially recruited extensor muscles on a slower time scale. Prolonged stimulation of glutamatergic neurons in the cuneiform nucleus also promoted locomotion.
In freely walking mice, short pulses of light stimulation elicited different effects on flexor and extensor muscles when glutamatergic cuneiform versus pedunculopontine neurons were stimulated. Moreover, these effects were modulated during stance and swing, indicating spinal circuits differentially gate descending input during the step cycle. Interestingly, if photostimulation was prolonged -simulating a long-lasting recruitment of these nuclei -the effects on muscle recruitment were dramatically different, prompting a reset in the locomotor rhythm and transition between gaits. Prolonged activation of glutamatergic cuneiform neurons promoted transition to faster gaits and increased the step cycle frequency, by decreasing the duration of extensor muscle burst and anticipating the onset of flexor muscle contraction. Conversely, extended activation of glutamatergic pedunculopontine neurons favored slower gaits and increased the step cycle duration by prolonging extensor muscle contraction and delaying the onset of flexion.
Taken together these results suggest that the type of locomotor behavior initiated depends not only on the neurons being recruited, but also on the context and temporal dynamics of their recruitment. Nonetheless, it remains to be seen how these optogenetic manipulations correlate with the physiological temporal dynamics of mesencephalic locomotor region recruitment during goal-oriented exploratory and escape responses.
Relaying Motor Commands to the Spinal Cord
The extensive characterization of medullary locomotor region projections performed by Caggiano et al. [2] revealed very little input to the motor pools, implying downstream relay centers are needed for the muscle recruitment described by Josset et al. [3] . Shefchyk et al. [10] provided the first evidence localizing key mesencephalic locomotor region downstream effector circuits to the medulla by showing that cooling of the ventral medullary area halts locomotion elicited by electrical stimulation of the mesencephalic locomotor region.
Subsequent studies revealed that the mesencephalic locomotor region acts via neurons within the medial reticular formation, the axons of which descend bilaterally through the ventral funiculus to contact interneurons and, to a lesser extent, motor neurons in the spinal cord [11] .
More recently, the Arber lab [12] has used retrograde rabies viral tracings to identify the brainstem nuclei that directly target specific motor pools or components of the central pattern generator network. Building on this knowledge [10, 11] , Capelli et al. [1] have now identified the magnocellular and the gigantocellular nuclei as the structures most likely to mediate locomotor behaviors induced by the mesencephalic locomotor region. As with the mesencephalic locomotor region, these nuclei are also heterogeneous with respect to their neurotransmitter phenotype. By combining mouse genetics, viral tools and optogenetics, Capelli et al. [1] went on to show that activating glutamatergic neurons of the lateral paragigantocellular nucleus alone is sufficient to initiate locomotion. Conversely, optogenetic activation of inhibitory neurons within the magnocellular and gigantocellular nuclei halted ongoing locomotion, producing either spasms or atonia depending on the targeted nucleus [1] .
Taking advantage once more of their ability to trace presynaptic connections, Capelli et al. [1] identified the anatomical inputs from the mesencephalic locomotor region to glutamatergic neurons of the lateral paragigantocellular nucleus. They found that glutamatergic neurons of the lateral paragigantocellular nucleus receive input from both cuneiform and pedunculopontine nuclei, with a stronger bias from cuneiform nucleus. This latter finding is very interesting in light of the finding of Caggiano et al. [2] that cuneiform nucleus neurons have fewer and more restricted projections than pedunculopontine nucleus neurons. In an elegant experiment, Capelli et al. [1] went on to demonstrate that the ablation of glutamatergic neurons of the lateral paragigantocellular nucleus dampens the speed of mesencephalic locomotor region-induced locomotion.
Together, these three new studies [1] [2] [3] point to the presence of a dedicated glutamatergic cuneiform nucleus-lateral paragigantocellular nucleus circuit that can be used to elicit an escape response (Figure 1) . Interestingly there appears to be a marked divergence in downstream targets of inhibitory versus excitatory neurons of the lateral paragigantocellular nucleus. Although both subpopulations target ventral spinal laminae where the locomotor central pattern generator resides, while medullary glycinergic neurons directly contact motor neurons, medullary glutamatergic synapses are concentrated in the ventral central grey matter and for the most part avoid motor neuron cell bodies [1] .
Outlook
The findings of Caggiano et al. [2] , Josset et al. [3] and Roseberry et al. [9] point to a bimodal organization for the mesencephalic locomotor region, with the cuneiform nucleus transforming escape responses initiated in the midbrain into fast running motor programs, and the pedunculopontine nucleus promoting slower explorative behaviors as selected by the basal ganglia. This raises the question as to whether these two locomotor modes are generated by selectively driving the cuneiform nucleus or pedunculopontine nucleus as a whole, or whether subpopulations within these The mesencephalic motor region comprises two areas: the pedunculopontine nucleus (PPN) and cuneiform nucleus (CnF). The pedunculopontine nucleus has at least three neurochemically distinct populations: glutamatergic (purple), cholinergic (yellow) and inhibitory neurons (green). The cuneiform nucleus is a mix of glutamatergic and inhibitory interneurons. The lateral paragigantocellular nucleus (LPGi) resides in the medulla and is as heterogeneous as the pedunculopontine nucleus. The midbrain areas, like the superior colliculus and periaqueductal grey, initiate fast escape responses, which are relayed to the effector circuits in the spinal cord via the cuneiform nucleus-lateral paragigantocellular nucleus pathway (red arrows). Conversely, motor cortex and basal ganglia promote a series of goal-directed movements that are translated into slow-paced exploratory motor behavior via the pedunculopontine nucleus-induced activation of probably lateral paragigantocellular nucleus and other medullary and spinal nuclei (blue arrows).
two broad anatomical structures, and/or defined temporal patterns of activity, provide for a more refined contextualization of locomotion. Indications of further specialization in these structures comes from: first, the presence of mesencephalic locomotor region neurons with ascending projections to the basal forebrain that change the gain of visual cortex responses without affecting locomotion [13] ; second, the differential effects of the cuneiform and pedunculopontine nuclei on flexor versus extensor muscle activation [3] ; and third, the increased number of postsynaptic targets contacted by pedunculopontine nucleus neurons when compared to the cuneiform nucleus neuronal ensemble [2] . This latter finding suggests that the greater variety of behavioral contexts that are associated with slow-paced locomotion might be mediated by different spatial and temporal patterns of pedunculopontine nucleus neuron recruitment.
Capelli et al. [1] also highlight the potential for heterogeneity in the lateral paragigantocellular nucleus by describing a ventral area within the glutamatergic lateral paragigantocellular nucleus that shows high levels of cFos activation during movement and coincidentally receives more input from the mesencephalic locomotor region. Thus, future quests probing the molecular heterogeneity of the mesencephalic locomotor region and medulla nuclei might unravel more dedicated pathways recruited in a context-dependent manner. Finally, another more restricted glutamatergic subpopulation (Chx10 + ) in the medulla has been described as necessary to halt locomotion [14] , and understanding if and how this subpopulation is recruited by the mesencephalic locomotor region-lateral paragigantocellular nucleus pathway and whether it acts in conjunction with the pedunculopontine nucleus to promote a stop and explore behavior would shed further light on the logic of descending motor control.
Paying attention to sounds and touches at the same time is demanding. New research shows how the parietal lobe of the human brain mediates multisensory perception of stimulus frequency and intensity.
Eyes staring at this Dispatch as it takes shape on the screen; fingers tapping along with the beat of the engrossing tune played over the headphones: Bzz!... Bzzz!... Bzzzz!... BZZZZZ! Our attention is drawn from the screen and from the music, to our fingers. Something broke our concentration. It was lower frequency, cruder, and louder than the music, but what was it? A mosquito? A meteorite? No, a vibrating phone! Probably an impatient editor calling about the article. Ignore. Re-focus and keep writing. In the 5 th March issue of Current Biology, Convento et al. [1] reported new evidence for how the human brain's parietal lobe may mediate just these sorts of switches of attention, from hearing to touch, when
